The Notch pathway is implicated in the development of many cell types. The activation of this pathway occurs when Notch receptors expressed on the surface of one cell are engaged by ligands expressed on neighboring cells. The intracellular domain of Notch (NIC) then is cleaved by metalloproteases and ␥-secretase and is translocated to the nucleus, where it forms a complex with the Notch-specific transcription factor RBP-J/CSL and the cofactor Mastermind to activate the transcription of target genes such as Hes-1 (38) .
Notch signaling is essential for the early steps of T-cell development (42) . Notch activation is required for the generation and maintenance of DN1 (double-negative CD4 Ϫ CD8 Ϫ CD3 Ϫ ckit ϩ CD44 ϩ CD25 Ϫ ) cells (33, 44, 47) , and Hes-1 expression is induced at this stage (21) . Notch signaling also is required in DN2 (ckit ϩ CD44 ϩ CD25 ϩ ) and DN3 (ckit Ϫ CD44 Ϫ CD25 ϩ ) cells (46) , where target genes such as pT␣, Deltex-1, Notch 1, and Notch 3 are highly expressed (16, 23, 41, 51) . Furthermore, Notch signaling is required for cell survival and proliferation, T-cell receptor (TCR) ␤-chain rearrangement, and ␤ selection at the DN3 stage (12, 18, 46) . Interestingly, DN4 (CD44 Ϫ CD25 Ϫ ) cells appear less dependent on Notch signaling for maturation into the DP (double-positive CD4 ϩ CD8 ϩ TCR lo/med ) population. Indeed, Notch signaling at the DP stage induces the expansion and leukemic transformation of these cells (1) . Thus, Notch target gene expression must be tightly regulated during thymocyte differentiation.
Hes-1 is a basic helix-loop-helix transcription factor that is essential for T-cell development. It is highly expressed in DN thymocytes, is absent in DP cells, and is reexpressed at low levels in mature CD4 ϩ CD8 Ϫ and CD4 Ϫ CD8 ϩ thymocytes (11, 16, 17) . Hes-1 is important for the expansion of DN thymocytes both before and after TCR ␤-chain rearrangement, and cells lacking Hes-1 are blocked at the DN3 stage of differentiation (27, 49) . Studies in other systems indicate that Hes-1 functions simultaneously to promote cell proliferation and inhibit the differentiation of progenitor cells (22, 24, 37) . Hes-1 also has been shown to bind the CD4 silencer and repress CD4 transcription in vitro (28) , which may explain why its expression is shut off in DP cells.
Although it is generally accepted that the NIC/RBP-J effector complex activates Notch target gene transcription, it is still unclear how the transcription of these genes is turned off. Several scenarios may take place in T cells. First, the thymic environment through which DN4 and DP thymocytes pass may not express sufficient Notch ligands, leading to the loss of Notch signaling and the inactivation of the transcriptional complex (26) . Second, RBP-J has been postulated to function as a constitutive transcriptional repressor of Notch target genes in the absence of NIC (4, 8) , although recent data suggest that RBP-J binding is transient and dynamically regulated by Notch signaling (32) . Third, Notch target genes may be rendered differentially susceptible to Notch activation through epigenetic remodeling during differentiation.
The hematopoietic cell-specific transcription factor Ikaros functions as a key regulator of lymphocyte differentiation and a tumor suppressor in T cells (15, 53) . Ikaros colocalizes with heterochromatin and associates with NURD complexes in activated T cells, suggesting a role in gene repression (10, 29, 31) . We and others have proposed that Ikaros plays a major role in downregulating Notch target gene expression in transformed T cells (7, 17) .
Ikaros-deficient mice carrying a hypomorphic mutation (Ik L/L ) in the Ikaros locus develop T-cell lymphomas/leukemias that all exhibit strong activation of Notch target genes (17) . Notch activation occurs early in tumorigenesis and may precede transformation. Furthermore, we showed that Ikaros binds to the Notchresponsive TGGGAA element in the Hes-1 promoter and represses Notch-dependent transcription from this promoter in vitro. These experiments suggested that the Ikaros-mediated repression of Notch target gene expression plays a critical role in defining its tumor suppressor function.
In the present study, we asked if Ikaros can modulate Notch signaling in normal T-cell differentiation. Using Hes-1 as a model Notch target gene, we demonstrate that Ikaros and RBP-J compete for binding to common recognition sites in two regions of the Hes-1 promoter in wild-type thymocytes. Ikaros expression peaks in DN4 thymocytes, as these cells become less dependent on Notch signaling for further maturation. High Ikaros levels correlate with an incapacity to transcribe Hes-1 in response to exogenous Notch signaling. Furthermore, Ikaros is required to establish repressive histone modifications in DP cells. These results indicate that Ikaros antagonizes RBP-J to silence Notch target gene expression in T cells.
MATERIALS AND METHODS
Sequence alignment. Input genomic sequences were obtained from http://www .ncbi.nlm.nih.gov/mapview. Mouse and orthologous sequences (human, rat, chimpanzee, and bovine), from Ϫ20 kb to ϩ1 kb with respect to the transcriptional start site, were used as the input in a PromAn analysis (http://bips.u -strasbg.fr/PromAn/) (35) and visualized in GeneDoc (http://iubio.bio.indiana .edu/soft/molbio/ibmpc/genedoc-readme.html).
Electrophoretic mobility shift assay (EMSA)-Supershift. Ik1 and RBP-J proteins were produced in transfected COS cells using expression vectors containing Ik1 or RBP-J cDNA. Nuclear extracts were prepared according to Andrews and Faller (3) , and 3 to 10 g was incubated as previously described (17) in the presence or absence of an anti-RBP-J monoclonal antibody (K0043; Institute of Immunology Co. Ltd., Tokyo, Japan) or a homemade anti-Ikaros polyclonal antibody. The following probes were used for the Hes-1 promoter: Ϫ100 bp AB, 5Ј-ACTGTGGGAAAGAAAGTTTGGGAAGTTTCAC; mAB, 5Ј-ACTGTGC TGCAGAAAGTTTGGGAAGTTTCAC; AmB, 5Ј-ACTGTGGGAAAGAAA GTTTGCTGCGTTTCAC; Ϫ9 kb CD, 5Ј-CGCTCCTTCCCACGTACCTTAC CCTGGGAATTGCTT; mCD, 5Ј-CGCTCCTTGGCACGTACCTTACCCTGG GAATTGCTT; CmD, 5Ј-CGCTCCTTCCCACGTACCTTACCCTGCCAATT GCTT; and mCmD, 5Ј-CGCTCCTTCCCACGTACCTTACCCTGCCAATTG CTT.
Mice. The Ik L/L mouse line was described previously (30) . Mice used in this study were backcrossed 10 generations onto the C57BL/6 background.
Antibodies and flow cytometry. To purify DN cells, thymocytes were stained for lineage-positive cells using the following antibodies: anti-CD4 (GK1.5), anti-CD8␣ (YTS169.4), anti-CD3 (KT3), anti-B220 (RA3-6B2), anti-CD11b (M1/70), anti-Gr1 (RB6-8C5), and anti-NK1.1 (PK136). They were depleted with Dynabeads conjugated to goat anti-rat immunoglobulin G (IgG) (Immunogen). The remaining cells were stained with anti-rat IgG-fluorescein isothiocyanate (FITC) (Jackson Immunoresearch), CD44-Cy5, and CD25-phycoerythrin (CD25-PE) (BD Pharmingen) and were sorted on FITC-negative cells with the indicated phenotypes. To purify DP cells, thymocytes were stained with anti-CD4-PE and anti-CD8-FITC and sorted for CD4 ϩ CD8 ϩ cells. Cell sorting was performed on a FACSVantage SE option DiVa (BD Biosciences). The sort purity was Ͼ98%. Labeled cells were analyzed on a FACSCalibur (BD Biosciences). Results were analyzed using FlowJo software (TreeStar).
ChIP. Chromatin immunoprecipitation (ChIP) assays were performed using modified versions of the protocol from Upstate. Antibodies used were specific for acetylated H3 (06-599; Millipore), acetylated H3K9 (07-352; Millipore), dimethylated H3K4 (ab7766; Abcam), trimethylated H3K27 (07-449; Millipore), and NIC1 (2421; Cell Signaling). The Ikaros-specific antibody is a rabbit polyclonal antibody generated in our laboratory. Thymocytes were fixed with 1% formaldehyde for 10 min at 37°C. After being quenched with 125 mM glycine, the fixed cells were washed twice with ice-cold phosphate-buffered saline (PBS). The cell pellet was resuspended in lysis buffer (50 mM Tris pH 8.1, 10 mM EDTA, 1% sodium dodecyl sulfate [SDS]) containing protease inhibitors. After being incubated on ice for 10 min, the nuclei were subjected to sonication to obtain DNA fragments ranging from 300 to 800 bp using a Bioruptor (Diagenode). Soluble chromatin was clarified by centrifugation at 14,000 rpm for 15 min at 4°C. Chromatin fractions (equivalent to 10 6 cells/precipitation) were precleared with 80 l of protein A-or G-Sepharose for 1 h, followed by incubation overnight with the indicated antibodies. Protein-DNA complexes were bound to protein A-or G-Sepharose beads for 2 h at 4°C. The beads then were washed once each with low-salt wash buffer (20 mM Tris-HCl, pH 8.1, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS), high-salt buffer (500 mM NaCl), LiCl buffer (10 mM Tris-HCl, pH 8.1, 1 mM EDTA, 1% deoxycholate, 1% NP-40, 0.25 M LiCl), and twice with Tris-EDTA (TE). Protein-DNA complexes were eluted in 500 l of 1% SDS, 0.1 M NaHCO 3 , and cross-linking was reversed by adding NaCl to 0.2 M for 4 to 6 h at 65°C. Protein components were removed by proteinase K digestion (2.5 g) for 1 h at 45°C before phenol-chloroform extraction and precipitation. DNA was resuspended in 400 l H 2 O and subjected to real-time PCR analysis.
For small cell numbers, a modified version of the Agilent protocol was used. Thymocytes (0.5 ϫ 10 6 to 1 ϫ 10 6 cells) and Drosophila melanogaster Schneider cells (4 ϫ 10 6 to 4.5 ϫ 10 6 ) were cross-linked with formaldehyde for 20 min at 25°C. After being quenched, the cells were lysed in three successive buffers (buffer 1, 50 mM HEPES, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100 for 10 min at 4°C; buffer 2, 10 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA for 10 min at room temperature; buffer 3, 10 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% deoxycholate, 0.5% N-lauroylsarcosine) before sonication. Soluble chromatin was supplemented with 1% Triton X-100 and clarified by centrifugation. Chromatin fractions were precleared with protein A Sepharose and incubated with the antibody for 4 h at 4°C, and protein-DNA complexes were bound to protein ASepharose overnight at 4°C. Protein-DNA complexes were eluted with 450 l of 1% SDS, 0.1 M NaHCO 3 for the Sepharose beads and 210 l of 50 mM Tris-HCl, 10 mM EDTA, 1% SDS for the Dynabeads. ChIP DNA was resuspended in 100 l TE, and input DNA was resuspended in 200 l.
Reactions were performed in triplicate with 5 l of the eluate (or in duplicate with 2 l using the Agilent protocol) using SYBR green JumpStart TaqReadyMix (Sigma) and the LightCycler 480 real-time PCR system (Roche). The input template was diluted 1/10. PCRs were analyzed with the LightCycler 480 basic software, and the concentration of amplified DNA was calculated relative to a standard curve obtained with serial dilutions of a control genomic DNA (T-cell DNA). The following calculations were used: percentage input (%I) ϭ 100 ϫ [(antibody bound) Ϫ (IgG bound)]/(I ϫ 10). The histone modification index for amplicon X was %I/%I ref , where %I ref corresponds to the value measured for the amplicon located at bp Ϫ100 in the wild-type (WT) sample. Primers used are the following: Hes-1 Ϫ100 bp, 5Ј-CCTCCCATTG GCTGAAAGT, 5Ј-AGCTCCAGATCCTGTGTGATCC; Hes-1 Ϫ1000 bp, 5Ј-ACGCACGCACACACACACATCCTCT, 5Ј-CCGAGCTGCAGTTTGACAT; Hes-1 Ϫ2700 bp, 5Ј-CAAGGGTCTTGTGTGTGGTG, 5Ј-TATGGCTGAGG TGTTGGAAA; Hes-1 Ϫ4000 bp, 5Ј-ACGGGTGGTGGGTTACACT, 5Ј-TACTC CCAAAGCAGGAGGAA; Hes-1 Ϫ6500 bp, 5Ј-ACACACACACACACCCT GCT, 5Ј-GTCAAGACCCACCCGAGTTA; Hes-1 Ϫ8500 bp, 5Ј-CTCCCGCATA CTAGGTGCTC, 5Ј-GACTGGTCTGTTGCCTTGGT; Hes-1 Ϫ9100 bp, 5Ј-TTA CCCTGGGAATTGCTTTG, 5Ј-CAGCACCCTCCTGGATACTC; CD8␣ Ϫ1 kb, 5Ј-TTTCAATTCCTCCCACTTGC, 5Ј-TTTAGCCAGCTGCAGACAGA.
Real-time reverse transcription-PCR (RT-PCR).
Total RNA was isolated from 1 ϫ 10 5 to 2 ϫ 10 5 sorted cells using the RNeasy kit (Qiagen) and was resuspended in 12 l H 2 O. RNAs were reverse transcribed with SuperScript II reverse transcriptase (Invitrogen). cDNA corresponding to 10 4 cells was used for Hes-1 amplification. Real-time PCR was performed in duplicate with the Quantitect SYBR green PCR kit (40 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 30 s; Qiagen). Hypoxanthine phosphoribosyltransferase (HPRT) cDNAs were amplified with similar conditions, using 50-fold-diluted cDNAs. Hes-1 Quantitect primers were purchased from Qiagen. The HPRT primers were 5Ј-GTTGGATACAGGCCAGACTTTGTTG (forward) and 5Ј-GATTCAACT TGCGCTCATCTTAGGC (reverse).
Western blotting. Cell pellets were resuspended in 1ϫ loading buffer (0.33 M Tris, pH 6.8, 10% glycerol, 1.5% SDS, 1.5% 2-mercaptoethanol), and lysates were run on 6 to 10% SDS-polyacrylamide gels. After transfer, the polyvinyl difluoride membranes (Millipore) were blotted overnight with antibodies specific for cleaved Notch 1 (2421; Cell Signaling), RBP-J (T6719; Institute of Immunology), Ikaros, or ␤-actin (A5441; Sigma). All secondary antibodies were horseradish conjugated (Jackson Immunoresearch). The blots were revealed with Immobilon Western chemiluminescent horseradish peroxidase substrate (Millipore).
Immunofluorescence staining. Immunofluorescence staining was performed as previously described (30) . Samples were mounted in a 1% DAPI (4Ј,6Ј-diamidino-2-phenylindole)-Vectashield solution (Vector Labs) and visualized at ϫ63 with a Leica fluorescence microscope.
Single-cell RT-PCR. The single-cell RT-PCR protocol was adapted from Correia-Neves et al. (14) . Cells were sorted into 96-well plates containing 10 l of RT buffer/well (50 mM Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 500 M deoxynucleoside triphosphates, 1% Triton X-100, 10 U rRNasin RNase inhibitor [Promega], 0.5 M reverse primer, and 40 U SuperScript II reverse transcriptase [Invitrogen]). Immediately after being sorted, plates were spun for 3 min at 2,300 rpm and incubated for 90 min at 37°C in a humidified incubator. For the first PCR, a mix of 40 l of PCR buffer (1ϫ GoTaq Polymerase Buffer), 200 M deoxynucleoside triphosphates, 2 M forward and reverse primers, and 2 U GoTaq polymerase (Promega) was added to each well. Plates were heated for 5 min at 94°C, subjected to 40 PCR cycles (30 s at 94°C, 30 s at 60°C, and 30 s at 72°C), and heated for 10 min at 72°C. For the second PCR, 3 l of the first-round product was used to amplify Hes-1 or ␤-actin in separate reactions with the cognate nested primers (50-l reaction mixture). Products were visualized on 2% agarose gels.
Primers used were the following (5Ј to 3Ј): Hes-1 forward, ACACCGGACA AACCAAAGAC; Hes-1 reverse, TGATCTGGGTCATGCAGTTG; Hes-1 nested forward, GAGCACAGAAAGTCATCAAAGC; Hes-1 nested reverse, CCTCACACGTGGACAGGAA; ␤-actin forward, CCCTGAAGTACCCCATT GAA; ␤-actin reverse, GGGCACAGTGTGGGTGAC; ␤-actin nested forward, TGTTACCAACTGGGACGACA; and ␤-actin nested reverse, GGGGTGTTG AAGGTCTCAAA.
RESULTS
Ikaros and RBP-J bind to two distinct regions of the Hes-1 promoter. Sequence alignment analyses showed four potential common binding sites for Ikaros and RBP-J in the Hes-1 promoter that were perfectly conserved across murine, human, rat, chimpanzee, and bovine genomes (Fig. 1A) . Sites A and B, previously described by Jarriault et al. (25) , were separated by 8 bp and were located within 100 bp 5Ј of the transcriptional start site. Sites C and D were separated by 12 bp and were located near Ϫ9 kb. All sites contained the TGGGAA sequence in forward or reverse (site C) orientation.
To determine if these sites interacted directly with Ikaros and RBP-J, we performed EMSA using probes containing the physiological sequences (Fig. 1B) and protein extracts from transfected COS cells expressing RBP-J or Ik1 (the longest and most abundant Ikaros isoform in T cells). Both RBP-J and Ikaros bound a sequence containing sites A and B with distinct migration profiles (Fig. 1C, lanes 1 to 3) , in agreement with our previous findings (17) . Both proteins also strongly bound a probe containing sites C and D (lanes 4 to 6). Protein binding was specific, as RBP-J and Ikaros binding to either the proximal or distal sequence could be supershifted using anti-RBP-J and anti-Ikaros antibodies (see Fig. S1 in the supplemental material). RBP-J always bound as a single complex, presumably as a monomer (39) , while Ikaros binding produced several complexes likely to be monomeric or multimeric in nature. Furthermore, endogenous RBP-J was not part of the Ikaros complexes, as anti-RBP-J antibodies could not supershift these bands (see Fig. S1 in the supplemental material).
To determine the binding requirement for individual sites, we tested the capacity of RBP-J and Ikaros to bind probes singly or doubly mutated at the indicated sites. RBP-J bound less strongly to the proximal sequences containing a mutated site B and lost all binding to sequences containing a mutated site A (Fig. 1D, lanes 4 to 6) , suggesting that RBP-J requires mostly site A for binding. In contrast, Ikaros bound sequences containing a mutated site A (lane 8) but not sequences containing a mutated site B (lane 9), indicating that Ikaros requires predominantly site B for binding. These results are in agreement with our previous findings (17) . At Ϫ9 kb, RBP-J binding was unchanged when site D was mutated, was reduced when site C was mutated, and was abolished when both sites were mutated (Fig. 1E, lanes 1 to 4 and 9 to 12) . Thus, each individual site mediated RBP-J binding in this element. In contrast, both sites were required for efficient Ikaros binding as a high-molecular-weight complex, as the loss of either site reduced binding efficiency (Fig. 1E, lanes 5 to 8) .
Our observation that RBP-J and Ikaros share binding sites on the proximal and distal elements raised the possibility that they compete for binding to the Hes-1 promoter. To test this, we performed competitive EMSA, in which increasing quantities of Ikaros were added to fixed amounts of RBP-J in the reaction mixture together with limiting amounts of probe. As shown in Fig. 1F , Ikaros effectively competed with RBP-J to bind both the Ϫ100 bp and the Ϫ9 kb sequences as RBP-J complexes disappeared, while Ikaros-like complexes appeared when Ikaros was increased. Importantly, no new complexes involving both RBP-J and Ikaros were seen. These results indicate that both RBP-J and Ikaros can bind the proximal and distal elements separately but not together, presumably due to direct competition or steric hindrance.
To investigate if WT thymocytes contained Ikaros proteins capable of binding the Hes-1 promoter, we prepared nuclear extracts from bulk WT or Ikaros-deficient Ik L/L thymocytes and subjected them to EMSA using probes corresponding to the proximal site ( Fig. 2A) . WT extracts showed a complex binding profile that was consistent with the presence of both Ikaros (black arrows) and RBP-J (white arrows) complexes (compare lane 1 to lanes 13 and 15). The specificity of Ikaroslike complexes was confirmed by other criteria: they were absent when site B was mutated, strongly reduced when Ik L/L extracts were used, and supershifted with an anti-Ikaros antibody. In addition, WT and Ik L/L extracts yielded a prominent band that migrated similarly to RBP-J, which still was seen using a probe with mutated site B; this complex was entirely supershifted with an anti-RBP-J antibody ( Fig. 2A ; also see Fig. S2 in the supplemental material) . These experiments show that Ikaros and RBP-J are the major endogenous factors in WT thymocytes that can bind strongly to the proximal Hes-1 promoter in vitro.
To determine if Ikaros bound the Hes-1 promoter in vivo, we performed high-resolution ChIP experiments on purified subpopulations of WT thymocytes. Protein-DNA complexes from immature DN (Lin
and more mature DP (CD4 ϩ CD8 ϩ ) thymocytes were immunoprecipitated using antibodies specific for Ikaros or intracellular cleaved Notch 1 (NIC1), a cofactor of the RBP-J activation complex (note that ChIPs using anti-RBP-J antibodies were inconclusive). RT-PCR was performed to amplify distinct sequences spanning the Hes-1 promoter from Ϫ10 kb to the transcriptional start site (Fig. 2B) . In DN cells, anti-NIC1 antibodies efficiently precipitated DNA sequences corresponding to the proximal and Ϫ9 kb regions of the Hes-1 promoter but not sequences in between, demonstrat- ing that both elements are specifically bound by the RBP-J/ NIC1 complex in immature thymocytes (Fig. 2C) . Similarly, anti-Ikaros antibodies precipitated DNA sequences corresponding to these regions but not the intervening sequences (Fig. 2D) . In contrast, neither anti-NIC1 nor anti-Ikaros antibody precipitated convincing amounts of DNA above background levels from DP cells (data not shown) (Fig. 3D ). These results demonstrate that both the RBP-J activation complex and Ikaros bind common recognition sequences in two distinct regions of the Hes-1 promoter. This binding is specific and competitive, and it appears to be physiologically regulated during thymocyte differentiation. Ikaros is dynamically upregulated during the DN3-DN4-DP transition in WT thymocytes. Since Notch signaling is required for DN1 to DN3 differentiation but appears to be dispensable at the DN4 stage, we asked if there were differences in the amounts of Ikaros and RBP-J expressed in thymocytes during this transition period. WT DN3 (CD44
, and DP (CD4 ϩ CD8 ϩ ) cells were sorted and analyzed for Ikaros and RBP-J by Western blotting (Fig. 3A, B) . While Ikaros proteins were detected in all populations, their levels were significantly higher in DN4 than in DN3 and DP cells. Interestingly, bands corresponding to larger-size proteins were detected by the Ikaros antibody in DN4 cells, suggesting that Ikaros is posttranslationally modified in these cells. Furthermore, almost all DN4 cells showed high levels of Ikaros proteins, while few DN3 and DP cells showed similarly high-level staining when analyzed at the single-cell level by immunofluorescence (Fig. 3C) . In contrast, RBP-J protein levels remained similar across these populations in both WT (Fig. 3B) and Ikaros-deficient Ik L/L cells (see Fig. S3 in the supplemental material) . These results demonstrate that Ikaros specifically accumulates in DN4 thymocytes, thereby increasing the relative ratio between Ikaros and RBP-J at this stage of differentiation.
To investigate if increased Ikaros levels correlated with enhanced binding to the Hes-1 promoter in vivo, we performed ChIP experiments on purified populations of WT DN3, DN4, and DP cells. Ikaros binding was at background levels in DN3 cells, strikingly upregulated in DN4 cells at the Ϫ9 kb and Ϫ100 bp regions, and undetectable in DP cells (Fig. 3D) . The reduction in DP cells was not due to technical problems, as we consistently recovered sequences in the promoter of CD8␣ (see Fig. S4 in the supplemental material), a bona fide Ikaros target gene in these cells (20) . These findings strongly suggest that Ikaros interacts directly with the Hes-1 promoter in DN4 cells to control Hes-1 transcription.
Nonresponsiveness to exogenous Notch signals in WT, but not Ik L/L , DN4 and DP thymocytes. To determine if fluctuations in Ikaros levels and promoter binding affect Hes-1 mRNA expression in thymocyte populations, DN3, DN4, and DP cells were freshly isolated from WT and Ik L/L thymuses and subjected to real-time RT-PCR analyses for Hes-1 expression (Fig. 4A, B ; note that the DN4 population is always increased in Ik L/L mutants, similarly to previous reports on Ikaros null mice [52] ). In addition, we measured the levels of Notch signaling received by each population by Western blotting using an antibody specific for cleaved Notch 1 (Fig. 4C) .
In WT cells, Hes-1 mRNA levels were highest in DN3 cells, significantly decreased in DN4 cells (26-fold) , and almost undetectable in DP cells. In direct correlation, NIC1 protein levels also were highest in DN3 cells, significantly decreased in DN4 cells, and undetectable in DP cells. These results are consistent with previous findings that Hes-1 is a Notch target gene and requires active Notch signaling for transcription (16) . In Ik L/L DN3 cells, Hes-1 expression was similar to that observed in WT DN3 cells. However, Hes-1 expression in the Ik L/L DN4 and DP populations, though lower than that detected in Ik L/L DN3 cells, remained significantly higher than the levels seen in the corresponding WT populations (4-and 20-fold, respectively). Importantly, cleaved Notch 1 proteins were detected at similar levels in Ik L/L and WT DN4 cells and were undetectable in the DP population in both types of mice. These data suggest that reduced Ikaros function influences the efficient downregulation of Hes-1 during the DN3 to DP transition, even as Notch signaling is unchanged.
Higher Hes-1 expression in the Ik L/L cells could be due to the very high expression of this gene in a few cells (i.e., early transformed cells) or higher numbers of cells expressing Hes-1 upon Notch signaling. To address this issue, we directly assessed the intrinsic responsiveness of differentiating thymocytes to Notch signaling at the single-cell level. WT and Ik L/L thymocytes were artificially provided Notch signals in a coculture system with OP9-DL1 cells, which express the Notch ligand Delta-like1 (45) . Thymocytes cultured for 12 h on OP9-DL1 or OP9-GFP cells were purified into DN3, DN4, or DP populations and subjected to single-cell RT-PCR for the simultaneous detection of Hes-1 and ␤-actin (Fig. 5A) .
After 12 h on OP9-GFP cells, both WT and Ik L/L thymocytes behaved similarly: Hes-1-positive cells were few in the DN3 and DN4 populations (Ͻ10%) and extremely rare in DP cells. After 12 h on OP9-DL1 cells, however, Ik L/L thymocytes showed a strikingly different pattern of Hes-1 expression compared to that of WT cells. In WT samples, large numbers of cells expressed Hes-1 in the DN3 population; very few cells expressed this gene in the DN4 population, and positive cells were practically absent in the DP population (DN3, 61%; DN4, 4.1%; DP, 0.5% [mean percentages]), indicating that Notch target gene expression cannot be induced by Notch signals in the more mature DN4 and DP thymocyte populations. In contrast, significant numbers of Ik L/L cells expressed Hes-1 in all populations tested, and this was particularly evident in the DN4 and DP populations (DN3, 81%; DN4, 19.3%; DP, 15. 3%  [mean percentages] ). These results demonstrate that (i) both [mean percentages], respectively), while significantly fewer Hes-1 ϩ cells were detected in the WT samples (7.3%). Furthermore, Hes-1 derepression on the heterozygote background occurs in bona fide DN4 cells and not aberrant DN3-like cells that have bypassed the pre-TCR checkpoint (see Fig. S5 in the supplemental material). These results clearly demonstrate that nonresponsiveness to Notch signals at the DN4 stage is dependent on high levels of Ikaros, although a dose-dependent response in terms of the level of Hes-1 induction between heterozygote and homozygote cells could not be evaluated in these assays.
Ikaros deficiency is associated with reduction of the H3K27 repression mark on the Hes-1 promoter. To investigate why Ik L/L thymocytes, but not WT cells, can still respond to Notch signaling at the DP stage, we analyzed active and repressive histone marks on the Hes-1 promoter in WT and Ik L/L DP thymocytes by ChIP. Activation marks were measured using antibodies specific for pan-acetylated H3, acetylated H3K9, dimethylated H3K4, and trimethylated H3K4. Repression marks were measured using antibodies specific for dimethylated H3K9 (not shown) and trimethylated H3K27. Immunoprecipitated DNA from distinct sequences spanning the Hes-1 promoter from Ϫ10 kb to the transcriptional start site was analyzed by real-time PCR (Fig. 2B and 6 ). There were no clear changes in activation marks between WT and Ik L/L cells (Fig. 6A, C) . In contrast, antibodies to trimethylated H3K27 precipitated significantly less DNA from mutant DP cells than did WT DP cells (ϳ50% less; P ϭ 0.003 by Student's t test) (Fig. 6B, C) . These results suggest that Ikaros is required to establish the trimethyl H3K27 repressive epigenetic mark on the Hes-1 promoter in DP thymocytes.
DISCUSSION
In this report, we used the Hes-1 gene as a model to show that Ikaros is a critical repressor of Notch activity in developing T cells. We demonstrate that the Hes-1 gene does not respond to Notch signals in WT DN4 thymocytes, even though these cells have been shown to express high levels of Notch receptors (6) . This unresponsiveness is dependent on optimum levels of Ikaros, as DN4 cells with reduced Ikaros levels express Hes-1 when stimulated with a Notch ligand. Furthermore, Ikarosdependent silencing is associated with increased levels of trimethylated H3K27, an epigenetic modification linked to Polycomb-mediated repression. Importantly, Ikaros-dependent silencing correlates with a sharp increase in Ikaros protein levels at the DN4 stage and binding to the Hes-1 promoter.
Thus, Ikaros appears to play a critical role in DN4 cells by limiting their response to Notch signals through epigenetic silencing.
The mechanism by which Ikaros exerts repression probably involves competition with RBP-J for common binding sites in the Hes-1 promoter. We have shown that (i) both Ikaros and RBP-J bind to two regulatory elements in the Hes-1 promoter in vitro, and binding is mutually exclusive; (ii) Ikaros and RBP-J are the only major factors that bind the proximal Hes-1 regulatory element in thymocyte extracts; (iii) Ikaros preferentially binds Hes-1 in the DN4 population, which correlates with an increase in Ikaros levels in these cells; (iv) Ikaros competes with RBP-J to repress the transcription of the Hes-1 promoter in transfection experiments (17) . Together, these data provide strong support for Ikaros/RBP-J competition in vivo, although other more complex scenarios cannot be excluded at the present time.
Thus, Notch activation in early T-cell differentiation appears to be regulated via at least two checkpoints (Fig. 7) . The first checkpoint occurs at the level of Notch receptor signaling, where thymocytes are subject to interactions between various Notch ligands and receptors, as well as proteins like those of the Fringe family, which regulate these interactions (19) . A second checkpoint occurs at the transcriptional level, where Ikaros directly binds to Notch target sequences, presumably in competition with RBP-J, to modulate the transcription of Notch target genes such as Hes-1. In DN4 cells, increased Ikaros levels compete with RBP-J for binding and contribute to the deposition of silent epigenetic marks. As cells differentiate into DP cells, Ikaros levels and its binding to the Hes-1 promoter decrease, suggesting that silent chromatin marks no longer require Ikaros for repression. In contrast, in Ikarosdeficient DN4 cells, RBP-J maintains greater access to Hes-1 regulatory elements, and transcription remains responsive to Notch signaling.
Our results thus establish Ikaros as a novel negative regulator of Notch signaling, which competes with RBP-J for Notch target sequences. This mode of repression adds to the classical concept of RBP-J-dependent repression, where RBP-J binds to target sequences in the absence of Notch signaling and recruits corepressors such as MINT/SHARP (34, 40, 50) . Ligand signals are thought to displace these repressive complexes and allow the assembly of the RBP-J/NIC/Mastermind activator complex. While RBP-J-dependent repression allows dynamic responses to ligand, Ikaros-mediated silencing would, on the other hand, prevent target gene transcription in the presence of Notch signaling. This additional silencing mechanism may be especially important in cells where accidental Notch signals can be oncogenic, like in developing T cells.
Ikaros deficiency leads to a marked decrease in H3K27 trimethylation at the Hes-1 promoter in DP thymocytes. How Ikaros modulates H3 methylation is unclear. It might reposition target loci to the vicinity of pericentromeric heterochromatin (9, 10, 36, 43) , perhaps by molecular bridges with other Ikaros molecules bound to ␥-satellite sequences (13), which could indirectly lead to methylation changes. Alternatively, Ikaros could directly regulate H3K27 methylation/demethylation factors. Further investigation is required to decipher the mechanisms downstream of Ikaros that leads to histone H3 methylation.
One relevant question is whether competition between Ikaros and RBP-J is a common mode of regulation among Notch target genes. Our data indicate that this is true for at least two regions of the Hes-1 promoter. Furthermore, when reexpressed in Ik L/L leukemic T cells, Ikaros represses a large number of Notch target genes, such as Deltex-1, Ifi-204, and Meltrin␤ (17 and our unpublished data), raising the possibility that Ikaros/RBP-J competition regulates these genes. Recently, Screpanti and colleagues reported that Ikaros and RBP-J competitively bind three TGGGAA motifs spaced 50 to 250 bp apart in the promoter of the pT␣ gene (5). However, using conditions that yield strong Ikaros or RBP-J binding to Hes-1-derived probes, we detected only very weak Ikaros or RBP-J binding to these sequences (E. Kleinmann, unpublished results). The physiological relevance of Ikaros/RBP-J competition on the pT␣ promoter thus remains uncertain, especially since the proposed target motifs are not conserved across species (our unpublished observations). Thus, further investigation will be required to determine the relative importance of Ikaros/RBP-J antagonism on Notch target gene tran- (48) .
In summary, our results indicate that Ikaros competes with RBP-J to repress the response of immature thymocytes to Notch signaling, resulting in histone methylation at target gene promoters. We propose that this mechanism is essential for turning off potentially harmful genes during the normal transition from DN to DP thymocytes.
